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LiDARSurface slip distributions for an active normal fault in central Italy have been measured using terrestrial laser
scanning (TLS), in order to assess the impact of changes in fault orientation and kinematics when modelling
subsurface slip distributions that control seismic moment release. The southeastern segment of the surface
trace of the Campo Felice active normal fault near the city of L'Aquilawasmapped and surveyed using techniques
from structural geology and using TLS to deﬁne the vertical and horizontal offsets of geomorphic slopes since the
last glacial maximum (15 ± 3 ka). The fault geometry and kinematics measured from 43 sites and throw/heave
measurements from geomorphic offsets seen on 250 scarp proﬁles were analysed using a modiﬁcation of the
Kostrov equations to calculate the magnitudes and directions of horizontal principal strain-rates. The map
trace of the studied fault is linear, except where a prominent bend has formed to link across a former
left-stepping relay-zone. The dip of the fault and slip direction are constant across the bend. Throw-rates since
15 ± 3 ka decrease linearly from the fault centre to the tip, except in the location of the prominent bend
where higher throw rates are recorded. Vertical coseismic offsets for two palaeo earthquake ruptures seen as
fresh strips of rock at the base of the bedrock scarp also increase within the prominent bend. The principal
strain-rate, calculated by combining strike, dip, slip-direction and post 15 ± 3 ka throw rate, decreases linearly
from the fault centre towards the tip; the strain-rate does not increase across the prominent fault bend. The
above shows that changes in fault strike, whilst having no effect on the principal horizontal strain-rate, can
produce local maxima in throw-rates during single earthquakes that persist over the timescale of multiple
earthquakes (15 ± 3 ka). Detailed geomorphological and structural characterisation of active faults is therefore
a critical requirement in order to properly deﬁne fault activity for the purpose of accurate seismic hazard
assessment. We discuss the implications of modelling subsurface slip distributions for earthquake ruptures
through inversion of GPS, InSAR and strong motion data using planar fault approximations, referring to recent
examples on the nearby Paganica fault that ruptured in the Mw 6.3 2009 L'Aquila Earthquake.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).ilkinson).
. This is an open access article under
l., Slip distributions on active
rphology (2014), http://dx.do1. Introduction
The spatial distribution of geomorphic offsets across active normal
faults reveal that surface fault traces are non-linear features,
characterised by discontinuities such as relay zones and bends in the
fault trace (Faure Walker et al., 2009). It is well-known that surfacethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
normal faults measured from LiDAR and ﬁeld mapping of geomorphic
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offsets: an example from L'Aquila, ..., Geomorphology (2014), http://dx.doruptures to individual earthquakes can follow thesediscontinuities,wrap-
ping around small-scale bends in the fault trace and crossing relay zones
(Roberts, 1996a, 1996b;Wesnousky, 2006). This implies that at depth the
fault may be continuous across such small-scale surface discontinuities.
Although the surface slip distribution can be examined by geomorpholo-
gists, in contrast, the subsurface slip distribution can only be inferred
through inversion of seismological and geodetic data, and then only for
that particular earthquake (Fig. 1). This paper examines the possible ef-
fects of bends and relay zones measured at the surface on subsurface
slip distributions. The subsurface slip distribution is important for two
reasons: (1) it deﬁnes the ruptured area and amount of slip, which along-
side the stiffness of the deformingmaterial deﬁne the seismicmoment, or
energy release in an earthquake (Kostrov, 1974; Wells and Coppersmith,
1994); (2) it is used tomodel how stress is transferred onto fault surfaces
that were not ruptured in that particular earthquake, but could represent
the sites of future earthquake rupture (e.g. Walters et al., 2009). In this
paper we show that although the subsurface slip-distribution is beyond
the direct observation of geomorphologists, geomorphic observations of
the surface slip distribution can provide fundamental constraints on
these earthquake processes.
In particular, Faure Walker et al. (2009) showed that cumulative off-
sets of dated geomorphic surfaces across fault scarps, combined with
measurements of the strike and dip of the fault plane and plunge and
plunge direction of the slip vector from slickensides, can be used to
derive the relationship between: (1) the vertical and horizontal motions
of the rocks around the fault; (2) the amount of slip on the fault plane;
(3) the strain-rates implied by such motions, and how these relate to re-
gional strain-rates imposed by motions between and within tectonic
plates. In order to maintain the imposed strain-rate at locations where
bends in the strike of normal faults exist, Faure Walker et al. (2009) de-
scribed the theoretical basis for the fact that the rate of throw accumula-
tion must increase relative to the rest of the fault, because vertical and
horizontal motions, slip on the fault and strain rates are inter-related
(see Methods section, below). Faure Walker et al. (2009) described the
theory, but the need for more detailed observations was highlighted;
this paper provides this by describing a bend in the Campo Felice Fault.
We point out that despite knowledge of the theoretical effects of
changes in the orientation of faults on slip-distributions, normal faulting
earthquake slip is commonly modelled assuming planar fault geome-
tries without considering bends in the fault trace, even where such
features are evident from the fault-related geomorphology. For exam-
ple, a number of authors have attempted to invert data from seismology,
GPS and InSAR collected over a time period encompassing the Mw 6.3
2009 L'Aquila Earthquake in Italy (Fig. 1; Atzori et al., 2009; Cirella
et al., 2009; Walters et al., 2009; Cheloni et al., 2010; D'Agostino et al.,
2012). The ground deformation around the Paganica Fault that ruptured
in 2009 has been used to iteratively-model the subsurface slip, utilising
elastic half-space dislocation models. Modelling is facilitated by as-
sumptions concerning the shear modulus, Poisson’s ratio and rheologi-
cal layering. A common feature of these models is that a planar fault is
assumedwithout includingmapped bends in the fault trace. The simpli-
ﬁed planar fault is then discretised into small (~1 × 1 km) patches from
the larger fault surface (~25× 15 km).Measured ground deformation of
the earth’s surface are then modelled iteratively by varying the sub-
surface slip-distribution on this simpliﬁed planar fault. Solutions vary
between different authors for this type of modelling (Fig. 1). However,
a common feature of all these interpretations is that the maxima inFig. 1.Map of surface deformation andmodelled subsurface slip distributions for the 2009
Mw 6.3 L’ Aquila earthquake, Italy. (a) Surface ruptures adapted from Boncio et al. (2010)
with contours of “coseismic” surface displacements recorded by InSAR between 4th April
2009 and 12th April 2009 adapted from D'Agostino et al. (2012). Dashed line approxi-
mates the modelled planar, rectangular faults in panels b-f. (b)-(f) Range of modelled
slip distributions from different combinations of InSAR, GPS and strong motion data.
Heavy lines on b-f show the extent of surface faulting from Boncio et al. (2010). Note
the relative positions of the maximum value for surface deformation and subsurface slip
distributions; these maxima are skewed towards the southeastern tip of the surface
ruptures.
normal faults measured from LiDAR and ﬁeld mapping of geomorphic
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3M. Wilkinson et al. / Geomorphology xxx (2014) xxx–xxxsubsurface coseismic slip underlies the area where greatest coseismic
subsidence was measured at the surface. We point out that this maxi-
mum in subsidence and modelled slip is skewed in location towards
the SE end of the fault where it is known that the surface ruptures
stepped to the right, deﬁning a 1–2 km across relay zone (labelled R in
Fig. 1a) (compare Fig. 1a with b–e). In this paper we examine the rela-
tionship between such relay-zones, slip on the fault plane at depth
and vertical motions of the ground surface. We suggest, following
Faure Walker et al. (2009), that the relay zone may overlie a zone of
non-planarity in the fault plane at depth that may have induced anom-
alous surface deformation. This is important because Calderoni et al.
(2012) have suggested from an analysis of fault-trapped seismic
waves for the 2009 earthquake that the discontinuous fault segments
at the surface are part of a continuous fault system at depth. Unfortu-
nately, the Paganica Fault is poorly-exposed relative to other nearby
faults and thus the geomorphic signature of slip and fault kinematics
are difﬁcult to retrieve, so we have been unable to directly apply the
theory from Faure Walker et al. (2009). Thus, to quantify how much
the vertical deformation is affected by relay zones or bends in the fault
trace, we utilise observations of a well-exposed fault located ~15 km
to the south southwest of the faults that ruptured in 2009 – the
Campo Felice active normal fault.
The Campo Felice fault exhibits a well-exposed bedrock fault scarp
that records slip since the last-glacial maximum (15± 3 ka, as supported
by Giraudi et al., 2011; Giraudi, 2012). The fault displays clear evidence of
coseismic slip due to past earthquakes in the form of strips of freshly-
exposed rock at the base of the fault plane (see Giaccio et al., 2002). The
relationship between vertical motions, slip on the fault and strain-rate
can be retrieved across a prominent fault bend because the fault plane
iswell-preserved and exhibits numerous examples of slickenside surfaces
covered in frictional-wear striae that record the slip vector orientation.
We have measured the orientations of the fault plane and slip-vector inActive normal 
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Fig. 2. Location map for active faults in central Italy on a 20m DEM. Boxes locate Figs. 1 and 3. P
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offsets: an example from L'Aquila, ..., Geomorphology (2014), http://dx.dothe ﬁeld, and studied the geomorphology of the site using terrestrial
laser-scanning (TLS) in order to retrieve the slip distribution and throw
recorded by offset geomorphology along strike. Similar approaches also
exist for the study of offset geomorphic featureswithin extensional basins
and for strike-slip and reverse faults from LiDAR data (see Chan et al.,
2007; Oldow and Singleton, 2008; Zielke et al., 2010; Gold et al., 2011,
2012; Zielke and Arrowsmith, 2012; Wiatr et al., 2013). This is the ﬁrst
time the approach has been applied in detail for a normal fault with anal-
ysis of how this relates to strain-rates computed from surface structural
geology. We use the measurement of throw on the Campo Felice fault
to discuss the likely patterns of slip at depth on the neighbouring Paganica
fault and to emphasise that the geomorphic study of fault geometry and
offsets is essential for seismic hazard assessment.
2. Geological background
The central Apennines contains active normal faults, such as the
Campo Felice, Parasano and Paganica faults discussed in this paper
(Figs. 2 and 3; Galadini and Galli, 2000; Roberts and Michetti, 2004;
Pace et al., 2006; Faure Walker et al., 2010). Extension during the Plio-
Pleistocene has been located on the high topography of the Apennine
mountains, the site of an older, submarine foreland thrust belt produced
duringCretaceous-MioceneAlpine convergence (Cowie et al., 2013). The
normal faults offset pre-rift Mesozoic and Tertiary carbonates and have
produced localised inter-montane basins in their hanging walls. The ex-
tension is associated with uplift and formation of the topography of the
Apenninemountains (D'Agostino et al., 2001; FaureWalker et al., 2012).
Active normal faulting in the central Apennines is associated with a
long historical and palaeo seismic record of past earthquakes (Galli
et al., 2008). Events like the 1915 Mw 6.9–7.0 Fucino earthquake
(33,000 deaths) and the 2009Mw6.3 L'Aquila earthquake (309 deaths)
ruptured faults that are relatively well-mapped with clear surface(b)
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4 M. Wilkinson et al. / Geomorphology xxx (2014) xxx–xxxfaulting (Michetti et al., 1996; Boncio et al., 2010). The L'Aquila earth-
quake ruptured the Paganica fault with surface vertical offsets of 10–
15 cm through the town of Paganica, with continuation of the mapped
ruptures both northwest and southeast of the town (see Papanikolaou
et al., 2010; Vittori et al., 2011; D'Agostino et al., 2012 for reviews).
Observations with InSAR and GPS demonstrate coseismic subsidence of
up to 25 cm between 5–6 km into the hanging wall of the fault
(Fig. 1a). Elastic dislocation modelling suggests over 80 cm of slip at
depth on the fault (Fig. 1b–f). This area with high values of surface sub-
sidence, and the implied area of high slip at depth, is located towards
the southeastern end of the surface ruptures. Although some of this
slip may be due to the 7th April Mw 5.6 aftershock (Papanikolaou
et al., 2010), and we note that this event was not considered by the pa-
pers reviewed in Fig. 1, below we argue that non-planarity of the fault
plane may have a role to play in producing these maxima skewed to
the SE. Unfortunately, the surface ruptures occur in unconsolidated
slope sediments in most places, so the orientation of the fault plane
and the slip vectors of the earthquake are relatively poorly constrained,
except in the central portion of the rupture within the town of PaganicaPlease cite this article as: Wilkinson, M., et al., Slip distributions on active
offsets: an example from L'Aquila, ..., Geomorphology (2014), http://dx.dowhere a study of offset tarmac and concrete surfaces along the rupture
revealed that the slip vector plunges at 21° towards 218° (±5° ), almost
perpendicular to the strike of the fault (127° ), at least at the surface
(Roberts et al., 2010). The relatively poor exposure of the ruptures to
the 2009 earthquake, especially in the region of the relay zone along
the surface ruptures (R in Fig. 1a), led us to study the kinematics of
neighbouring active normal faults. Belowwe report a study of the nearby
Campo Felice fault (Figs. 2 and 3) accomplished using terrestrial laser
scanning (TLS) and ﬁeld structural mapping and analysis.
3. Methods
A TLS point cloud dataset of the Campo Felice fault was acquired
using a Riegl LMS-z420i laser scanner. The dataset consisted of six
scan positions and 11 million measurement points, covering the 5 km
long southeastern segment of the Campo Felice fault (Fig. 4a). The
point clouds from each scan position were co-registered using the
RiSCAN Pro processing software. This process unites point clouds from
each scan position within 3D space. Geo-referencing was carried outnormal faults measured from LiDAR and ﬁeld mapping of geomorphic
i.org/10.1016/j.geomorph.2014.04.026
NW SE
NW SE
NW SE
1200 m
1200 m
1200 m
(a)
(b) (c)
(d)
(e)
30 m
NW SE
1 2 34 5 6 7 8 9 10 11
1213
14
15 1617 18 19 20 21 22 23 24 25
Box edges locate (c)
Perspective view of similar area to (a)
Map view
Perspective view with contours
Slope map
Hillshade
Fig. 4. LiDARdata, processing and analysis. (a) Point cloud data. (b)Manual removal of vegetation from point cloud. (c) Contourmap located in (b). (d) TIN surfacewith the locations of 25
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5M. Wilkinson et al. / Geomorphology xxx (2014) xxx–xxxby surveying a network of cylindrical reﬂectors present within each
point cloud using real time kinematic (RTK) GPS. The vertical offsets
that deﬁne the surface slip distribution can be recovered from these
data following a number of data processing steps.
The point cloud dataset was ﬁltered to remove vegetation using a
combination of manual point removal and processing of the point cloud
using the GEON points2grid pseudo-vegetation ﬁlter (Crosby et al., in
review). A points2grid output point spacing of between 2–4 meters,
with corresponding search radius R between 1.41–2.8 meters was found
to be most suitable, as this preserves metre-scale changes in the ground
surface whilst eradicating noise created by vegetation. Once the point
cloud has been ﬁltered to remove vegetation, a number of derivatives
can be created from the dataset in order to identify geomorphic features.
Generation of a solid surface from a point cloud dataset facilitates
study of the tectono-geomorphic features within the original point
cloud dataset. A triangular irregular network (TIN) surface representation
of the topography is created using Delaunay triangulation (Delaunay,
1934) with the vegetation-ﬁltered pointset as input. Visualisation of the
TIN surface in 3D, with lighting applied from a unidirectional source facil-
itates identiﬁcation of geomorphic features of the faults scarps that are
also studied in the ﬁeld. These include the base of the fault scarp, the
fault plane itself, colluvial wedges, the upper and lower geomorphic
slopes, and footwall gullies and hanging wall erosional channels whosePlease cite this article as: Wilkinson, M., et al., Slip distributions on active
offsets: an example from L'Aquila, ..., Geomorphology (2014), http://dx.doformation postdates formation of the upper and lower slopes (Fig. 4d
and e).
A further enhancement to a TIN surface is to calculate the angle
(slope) from horizontal of each triangle and to interpolate these data
over the entire surface. These interpolated data can then be used to col-
our the surface according to the local slope creating a surface slopemap
(Fig. 4e), and to add topographic contours (Fig. 4c). Again, creation of a
surface slope map with contours facilitates identiﬁcation of the fault
scarp and its constituent features. In particular, contours that are paral-
lel, linear and equally spaced on the hangingwall and the footwall of the
fault identify slopes from the last glacial maximum (LGM) that have
been offset across the fault since 15 ± 3 ka (see Faure Walker et al.,
2009 for an explanation).Weused this to identify 25 siteswhere surface
offsets have been produced solely by fault slip during earthquakes and
not affected by geomorphic processes such as post 15 ka erosional gul-
lying, colluvial and alluvial fan sedimentation or landslides. Topographic
cross sections were generated at each of these 25 sites from the surface
TIN. At each of the 25 sites ten topographic cross sections were created
in the direction of slip, spaced at 1 m intervals (Fig. 4d; 250 in total).
Each of the topographic cross sections was interpreted for throw using
the GNU/octave program Crossint (Fig. 5; see Electronic Supplement).
A complete description of the functionality of Crossint can be found in
Wilkinson (2012).normal faults measured from LiDAR and ﬁeld mapping of geomorphic
i.org/10.1016/j.geomorph.2014.04.026
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7M. Wilkinson et al. / Geomorphology xxx (2014) xxx–xxxThrowwas interpreted bymanually picking representative portions
of the hanging wall slope, fault plane and footwall slope from the topo-
graphic cross sections. Crossint performs linear regression of the data
points between the picks to calculate the footwall-scarp and hanging
wall-scarp intersections, from which the throw is calculated. This pro-
cess was repeated for all 250 topographic cross sections.
Structural ﬁeld measurements comprising strike, dip, slip-direction
and plunge of the slip direction were collected along the entire length
of the Campo Felice fault (Fig. 6). These ﬁeld measurements were
taken using a compass clinometer with locations provided by real
time kinematic GPS with centimetre precision. In order to visualise the
changing geometry and slip direction of the fault along its length, the
GPS locations were converted to distance along the fault, from
the northwestern end, to be plotted on the x-axis against the various
measurements from the TLS analysis.
A strain-rate proﬁle was calculated from data for throw, fault geom-
etry and slip, using themethod described by FaureWalker et al. (2009)
(Fig. 7; Table 1). The advantage of converting to strain-rate compared to
throw-rate is that the former takes into account variations in fault
geometry and the direction of slip, as shown by Faure Walker et al.
(2009). Strain-rate was calculated for boxed shaped areas using
the equations below, as deﬁned by Faure Walker et al. (2009). TheFig. 5. Scarp proﬁles derived from terrestrial laser scan data (TLS) from the 25 sites indicated in F
250 proﬁles generated to produce the values and error bars in Fig. 7. Offsets were interpreted u
Please cite this article as: Wilkinson, M., et al., Slip distributions on active
offsets: an example from L'Aquila, ..., Geomorphology (2014), http://dx.docomponents of strain e11, e12 and e22 were calculated for each sample
box of width L and area a. T represents the average throw measured
on the fault within the sample box and t is the time period over which
that throw has formed (for instance 15 ± 3 kyrs in the case of post gla-
cial faulting in the central Apennines). The average values of plunge di-
rection (plunge), slip direction (slipdir) and strike (strike) for ﬁeld
measurements within the sample box were also used. The direction of
principal strain for each box is deﬁned by θ. The principal strain-rate
for each box (strainrate) was calculated in the direction of the regional
principal strain direction (θ) for each sample box along the fault.
e11 ¼
1
at
LT cot plungeð Þ sin slipdirð Þ cos strikeð Þ
e22 ¼
−1
at
LT cot plungeð Þ cos slipdirð Þ sin strikeð Þ
e12 ¼
1
2at
LT cot plungeð Þ cos slipdir þ strikeð Þ
θ ¼
arctan 2
e12
e11−e22
 
2
strainrate ¼ e11 þ e22
2
− e11 þ e22
2
cos 2θaveð Þ−e12 sin 2θaveð Þig. 4d, showing offsets of a 15±3 ka periglacial slope. These 25 proﬁles are a sub-set of the
sing Crossint.
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Fig. 7.Graphs showing the relationship between fault orientation andmeasures of the rate of faulting for theCampo Felice fault. (a) Fault strike. Error bars are±3o. The red line is amoving
point average of ﬁvemeasurements. The bend in the fault map trace occurs between 1500 and 2500m along strike. (b) Fault dip. Error bars are±3o. The red line is amoving point average
of ﬁve measurements. (c) Slip direction. Error bars are ±3o. The red line is a moving point average of ﬁve measurements. (d) Post 15 ± 3 ka throw measured with TLS. (e) Throw and
principal horizontal strain-rate (see Table 1). Strain-rate was calculated in 250 x 250 m boxes using the equations in the text. The error bars for throw are ±1σ for measurements of
throw alone, not including those for uncertainty in age, whilst those for strain-rate are ±2σ. A throw-rate scale is also shown on the y axis for 3 scenarios for the age of the offset
slope (12 ka, 15 ka and 18 ka) – our preferred estimate of the age is 15 ± 3 as it encompasses our assessment of the uncertainty (see Faure Walker et al., 2010 for discussion). (f) and
(g) vertical offsets associated with two palaeo earthquakes recorded by stripes of freshly-exposed fault plane at the base of the exposed fault plane reported by Giaccio et al. (2002),
but modiﬁed slightly during our own ﬁeldwork. Errors on ﬁeld estimates of the throw for these palaeo earthquakes are estimated to be ± 0.1 m. Overall, this ﬁgure shows that the
throw-rate increases in the region of the change in fault strike to maintain the gradual decrease in strain-rate towards the fault tip.
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Fig. 7 shows how strike, dip, slip direction, throw-rate, strain-rate
and coseismic slip vary along the studied segment of the CampoPlease cite this article as: Wilkinson, M., et al., Slip distributions on active
offsets: an example from L'Aquila, ..., Geomorphology (2014), http://dx.doFelice fault. The measurements for fault strike (Fig. 7a) show a
clear anomaly in fault strike between 1500 and 3000 m along the
studied portion of the fault, consistent with the presence of a bend
in the map trace of the fault. In contrast, ﬁeld measurements ofnormal faults measured from LiDAR and ﬁeld mapping of geomorphic
i.org/10.1016/j.geomorph.2014.04.026
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9M. Wilkinson et al. / Geomorphology xxx (2014) xxx–xxxfault dip are consistent along the length of the fault (Fig. 7b). Field
measurements for the direction of slip (Fig. 7c) are consistent be-
tween 0–3000 m distance along the fault, with a mean slip directionTable 1
Data used to calculate strain-rate in 250 m bins along strike.
Plunge of slip vector
(degrees from horizontal)
Strike of fault
(degrees from north)
Slip direction
(degrees from n
47 128 213
47 129 213
47 134 208
52 136 208
50 135 210
52 138 213
51 134 212
53 118 215
54 104 210
55 105 209
53 113 209
53 142 208
54 148 221
55 153 222
55 153 249
Please cite this article as: Wilkinson, M., et al., Slip distributions on active
offsets: an example from L'Aquila, ..., Geomorphology (2014), http://dx.doof 211° (±1σ = 3.9). The slip direction becomes increasing oblique
towards the southeastern tip, as is typical of normal faults (Roberts,
1996a, 1996b, 2007). The direction of slip increases from ~211° atorth)
Throw (m) Distance along
strike (m)
Strain-rate
(ppm/yr)
13.77 125 3.41
14.19 375 3.52
12.63 625 3.08
12.74 875 2.59
10.98 1125 2.42
11.02 1375 2.25
9.62 1625 2.05
10.05 1875 1.99
10.55 2125 1.86
11.19 2375 1.91
10.87 2625 2.09
9.47 3375 1.82
8.80 3625 1.60
8.31 3875 1.39
7.30 4375 1.04
normal faults measured from LiDAR and ﬁeld mapping of geomorphic
i.org/10.1016/j.geomorph.2014.04.026
10 M. Wilkinson et al. / Geomorphology xxx (2014) xxx–xxx3000m distance along the fault to ~250° at the tip at 4750m distance
along the fault.
Interpretation of throw from 25 cross section locations (250 individ-
ual scarp proﬁles) using Crossint produced a post 15 ± 3 ka throw
proﬁle for the studied portion of the Campo Felice fault (Fig. 7d). The
throwproﬁle shows 1σ precisions formeasurement of throw calculated
from the mean and standard deviation of throw for the ten individual
scarp proﬁles at each of the 25 locations. The throw proﬁle describes a
gradual increase in post 15 ± 3 ka throw along strike from close to
zero at the fault tip (located at ~5000 m on Fig. 7d), through a value
of ~7mwhere the fault scarp begins to have a clear geomorphic expres-
sion to ~14 m at the northwestern end of the studied portion of the
fault. We estimate that, given well-preserved morphology, it would be
possible to identify scarpswith throws as small as 1–2metres. However,
the exposure close to the southwestern fault tip has been degraded by
mass-wasting and in this instance we have not been able to measure
offsets right up to the fault tip. Superimposed on this general increase
in post 15 ± 3 ka throw from southeast to northwest is a local increase
between 1500–3500 m distance along the fault (Fig. 7d). The local
increase reaches a maximum of ~11 m at ~2400 m distance along the
fault, representing a 17% increase in relation to the value of ~9.5 m
depicted at the local minimum at ~1600 m distance. This local increase
in throw coincides geographically with the prominent bend in the trace
of the fault (Fig. 7a).
In order to calculate strain-rates we have discretised the post 15 ±
3 ka throw data in Fig. 7d into 250 m sections of the faults (Fig. 7e).
Strain rates decrease in an almost linear fashion from a maximum of
~3.51 ppm/yr at the northwestern exposed end of the Campo Felice
fault to ~1.04 ppm/yr close to the tip at the southeastern end of the
fault, in contrast to the strike and throw data which both show an
anomaly between 1500-3000 m along strike.
We have also examined the vertical offsets produced bywhat appear
to be at least two palaeo earthquakes along the portion of the fault we
have studied (Fig. 7f and g). Giaccio et al. (2002) identiﬁed colour
banding at the base of the exposed fault planes deﬁned by variations
in colour, erosion and moss/lichen density. Through analogy with
other fault planes that display similar colour bands, which are known
to have been produced by earthquake surface rupturing in historical
earthquakes (e.g. Roberts, 1996b; Galli et al., 2008), they interpreted
the presence of at least two palaeo earthquakes, deﬁning vertical offsets
as large as 1.2 m. Up to four stripes were noted by Giaccio et al. (2002),
but only the two lowest can be correlated along strike for a signiﬁcant
distance. We have interpreted coseismic throws for these two palaeo
earthquakes from examination of the data in Giaccio et al. (2002)
and from our own ﬁeld observations (Fig. 7f and g). Both the lowest
(youngest) and penultimate event show increases in throw along strike,
coincident with the position of the prominent bend in the fault trace.
The average throw for both earthquakes increases from 0.66 ± 0.1 m
to 1.0 ± 0.1 m along strike. Thus, in the vicinity of the prominent
bend in the fault trace, both the cumulative throw that has accumulated
since 15 ka, and the throw associated with two palaeo earthquakes
over an unknown, but presumably shorter time period, depart from
the pattern of gradual decrease towards the fault tip.
5. Discussion
Ourmain ﬁnding is that an anomaly in the orientation of the Campo
Felice fault plane (a change in fault strike around a bend in the fault in
this case) has produced a local maximum in fault throw since 15 ±
3 ka and hence throw rate over this time period, even though the
strain-rate represented by the faulting shows a simple, almost linear
decrease towards the fault tip. This pattern can be recognised over the
timescale of faulting since the last glacial maximum (15 ± 3 ka) and
over the timescale of two palaeo earthquakes (much less than
15,000 years). The local anomaly in throw-rate on the Campo Felice
fault is elevated by ~0.2 mm/yr (~33%) relative to the value expectedPlease cite this article as: Wilkinson, M., et al., Slip distributions on active
offsets: an example from L'Aquila, ..., Geomorphology (2014), http://dx.do(assuming slip since 15 ka), given a linear extrapolation of the value to-
wards the fault tip. This is ~40% of the total variation in recorded throw-
rate on the studied portion of the fault (range is 0.95-0.45 mm/yr; that
is, 0.5 mm/yr).
A similar pattern of increased throw-rate on a fault bendwas record-
ed by FaureWalker et al. (2009), but inmuch less detail. The throw-rate
doubled along part of the Parasano fault where the obliquity of the fault
strike relative to the slip-vector increased by ~30o and the fault dip
increased by ~6o. However, in the example described here from the
Campo Felice Fault, the fault dip remains relatively constant across the
bend. Taking the Parasano and Campo Felice examples together, we
conclude that relatively small variations in fault orientation have signif-
icant effects on the vertical motions associated with the surface slip
distribution. Some evidence exists that this is a common feature of
active faulting. For example, Taylor et al. (2004) recorded a signiﬁcant
increase in fault throw in the location of a fault bend on the Rangitaiki
fault (offshore, Bay of Plenty, New Zealand) from seismic reﬂection
data. However, the lack of slip-direction data in that study does not
allow the increase in throw to be quantitatively attributed to changes
in fault geometry as we have achieved in this paper.
This leads to the question of what effect variations in fault orienta-
tion have on slip at depth. A prominent feature of the deformation asso-
ciated with the 2009 Mw 6.3 L'Aquila earthquake (Fig. 1), are that the
maximum surface subsidence and modelled subsurface slip is skewed
in location towards the south east relative to the overall rupture loca-
tion, where a 1–2 km-wide relay zone exists between two portions of
the surface rupture. We note that all ﬁve studies of subsurface slip dis-
tribution illustrated in Fig. 1 have chosen to model the deformation
with a single fault at depth despite observations of the relay zone. If a
single fault at depth is to link to segmented faults at the surface, as sug-
gested by Calderoni et al. (2012), a signiﬁcant bend of the fault surface
must exist in the subsurface with an along strike extent of ~4 km and
an across strike amplitude of ~2 km (Fig. 8). This bend is signiﬁcantly
larger than the example we have measured on the Campo Felice Fault
(~0.6 kmby ~0.4 km) and also larger than the example on the Parasano
Fault described by Faure Walker et al. (2009) (~1 km by ~0.8 km). We
suggest that it is likely that this 4 × 2 km bend in the subsurface fault
trace will have affected the magnitude of slip on the fault plane in the
2009 earthquake to produce an anomalous patch of relatively-high ver-
ticalmotion (subsidence). Through analogywith the Campo Felice fault,
the vertical motion could have been tens of percent more than what
would have been produced if the fault plane had been planar. The impli-
cations of this are as follows:
1) The modelled slip distributions shown in Fig. 1 are useful in that
they allow visualisation of the relationship between surface
deformation and slip at depth. However, in detail it is clear that
if deviations from planarity of a ruptured fault are not considered
the modelled slip distribution is a simpliﬁcation of the actual slip
on the fault.
2) The relationship between vertical motions at the surface, slip at
depth and the derived earthquake moment magnitude will be af-
fected by non-planarity of the fault and the resultant simpliﬁcation
of themodelled slip. The seismic moment of an earthquake is calcu-
lated by combining values for the dimensions of the rupture, the
stiffness of the ruptured material and the amount of slip (Kostrov,
1974). If the slip at depth is simpliﬁed due to non-planarity of the
fault plane that is omitted from the modelling, and that value for
slip at depth is used in calculations of seismic moment, the derived
value for seismic moment will be affected. This also applies to at-
tempts to relate slip at the surface in historical earthquake ruptures
to moment magnitude. The extremely useful and widely-used data-
base presented by Wells and Coppersmith (1994) does not include
data on whether surface slip was taken from parts of the fault with
orientations that typify the overall rupture or from local anomalies
with atypical fault orientations in local bends or relay zones. Wenormal faults measured from LiDAR and ﬁeld mapping of geomorphic
i.org/10.1016/j.geomorph.2014.04.026
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11M. Wilkinson et al. / Geomorphology xxx (2014) xxx–xxxsuggest thismay be one of the reasons for scatter in the relationships
between rupture length, slip and moment magnitudes in the data-
base ofWells and Coppersmith (1994). Thus, the role of geometrical
complexity is important and will inﬂuence the slip distribution (see
Wesnousky, 2008).
3) Stress transfer modelling depends on using the slip distribution at
depth from an earthquake to model the stress transfer to so-called
“receiver faults” (e.g.Walters et al., 2009). If themodelled slip distri-
bution is a simpliﬁcation, the stress transfer will also be a simpliﬁca-
tion. If the modelled slip distribution on a planar fault has
concentrations of high slip, that are an artefact of inverting mea-
sured anomalies in ground deformation at the surface with a simple
planar fault, when in fact the fault is not a single plane, then the
modelled concentrations of high stress will in turn be artefacts –
yet it is these modelled concentrations of high stress on receiver
faults thatmay cause concern in terms of the possibility of imminent
slip in a triggered earthquake.
4) Palaeo seismological studies of past earthquakes commonlymeasure
the throw per event and throw-rate associated with past events
(Galli et al., 2008). However, it is rare for such studies to record the
spatial variation in fault orientation around the palaeo seismic site,
usually because the fault plane is poorly-exposed in the unconsoli-
dated material associated with sites suitable for trenching. Impor-
tantly, we have shown that deﬁning fault orientations is essential if
the signiﬁcance of the throw per event and throw-rate values are
to be fully understood. For example, the coseismic throw implied
by colour stripes on the Campo Felice Fault may be overestimated
by ~30% compared to values outside the local fault bend (Fig. 7);
using the maximum value without understanding that it is generat-
ed by a local anomaly in fault orientation leads to overestimation of
the moment magnitude and hence the rupture length. As rupture
dimensions and maximum earthquake magnitudes are used for
seismic hazard and engineering design purposes, local changes in
fault orientation should be taken into account.
The implications listed above are profound for our understanding of
the earthquake process, yet to date we only have two examples where
the anomalous slip produced by bends in a fault plane have been quan-
tiﬁed (this study and Faure Walker et al., 2009). We suggest that more
studies of the geomorphology and structural geology of active faults
are needed to produce an empirical relationship between the dimen-
sions of bends in fault planes and the amplitude of vertical deformation.Please cite this article as: Wilkinson, M., et al., Slip distributions on active
offsets: an example from L'Aquila, ..., Geomorphology (2014), http://dx.do6. Conclusions
A study of the structural geology and geomorphology of the well-
exposed Campo Felice active normal fault shows that despite a sim-
ple linear decrease in strain-rate along strike from the fault centre
to tip, a change in fault strike has produced a localised anomaly in
vertical motion, with the throw-rate increasing by ~30-40% close to
the fault bend. The throw anomaly can be resolved both over a time-
scale of multiple seismic cycles (15 ± 3 ka in this case) or over the
timescale of two individual palaeo earthquakes (b15 kyrs). This
example is well explained by theoretical considerations advanced
by Faure Walker et al. (2009), who show that horizontal strain-
rates and rates of vertical and horizontal deformation are linked by
variables that include fault slip vectors and fault orientations. A 4 ×
2 km relay zone in the surface ruptures to the 2009 L'Aquila earth-
quake (Mw 6.3) on the neighbouring Paganica fault is likely to be un-
derlain by a bend in the fault trace at depth of similar dimensions.
The theory of Faure Walker et al. (2009) suggests that a bend of
this size will produce a signiﬁcant local anomaly in throw per event
and throw-rate on the fault. Surface deformation for this earthquake
is skewed towards the southeastern end of the rupture trace, with a
maximum in the vicinity of the aforementioned relay zone. Existing
attempts to model this deformation have used a planar fault, but
we suggest that improvedmodels of the subsurface slip distributions
will be achieved if a non-planar fault with a change in strike is
utilised. Surface and subsurface slip distributions are used to model
stress transfer and calculate maximummagnitudes for palaeo earth-
quakes. We suggest the orientation of the fault plane in question
should be considered with care as uncertainty in fault plane orienta-
tion relative to the slip-vector will produce uncertainty in derived
stress transfer andmaximummagnitude estimates. Study of the geo-
morphology and structural geology of faults at surface is therefore a
key input in order to properly deﬁne fault activity for the purpose of
accurate seismic hazard assessment.Acknowledgements
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